With the tracer-exchange positron emission profiling (TEX-PEP) technique, the reexchange process of radioactively labeled molecules with a steady-state feed stream can be measured inside a zeolite-packed bed reactor. When the experimental tracer-exchange curves are modeled, values for the micropore diffusion and adsorption constant can be obtained. As one can choose which component to label, this technique is ideally suited for studying multicomponent diffusion. In the present study, this technique has been used to measure the diffusive and adsorptive properties of an n-hexane/2-methylpentane mixture in zeolite silicalite. The measurements were performed at different ratios of n-hexane and 2-methylpentane in the gas phase at a constant total hydrocarbon pressure of 6.6 kPa and a temperature of 433 K. A slight preference for the adsorption of n-hexane was found because it is entropically more favorable to adsorb these molecules as they have no preferential siting in the zeolite pores. The diffusivity of the slowly moving 2-methylpentane is not strongly affected by the presence of the fast moving n-hexane. The mobility of the linear alkane however strongly decreases with increasing 2-methylpentane ratio and suddenly drops at a loading of approximately three 2-methylpentane molecules per unit cell. This is caused by the fact that the branched alkanes are preferentially sited in the intersections between the straight and zigzag channels of silicalite and therefore effectively block the zeolite pore network. These results show that the adsorptive properties of the components and the structure of the zeolite network play an important role in the behavior of multicomponent mixtures in zeolites.
I. Introduction
Diffusion and adsorption of hydrocarbons in zeolites have received a lot of attention in the last few decades. 1, 2 This is due in no small part to the vast number of applications of these materials in the petrochemical industry, e.g., as catalysts in cracking and hydroisomerization processes and as molecular sieves in separation processes. For all these applications, a thorough understanding of the diffusive and adsorptive properties of molecules inside these materials is of vital importance as these greatly influence the performance of the catalytic or separation processes. When used as, for example, a catalyst or molecular sieve, at least two, or even more, species are present inside the zeolite. Surprisingly, most studies are focused on the diffusion and adsorption of single components only. In the first place, this results from the fact that most conventional methods for studying mass transfer in zeolites, like the gravimetric and volumetric methods, are intrinsically unable to distinguish between different types of molecules. Furthermore, it is generally assumed that diffusion in multicomponent systems can be predicted from single-component data.
Only in recent years, the number of investigations on multicomponent mixtures is increasing. However, most of these studies are concerned with small molecules only, like methane/ xenon, 3, 4 ethane/ethene, 5 and n-butane/methane, 6 and the majority of these studies is focused on the sorption thermodynamics, often making use of molecular simulations. Most experimental data are obtained with techniques such as NMR and quasielastic neutron scattering and at relatively low temperatures. Among the few papers dealing with longer hydrocarbons are the work of Choudhary et al. (aromatics in ZSM-5) 7 and Niessen and Karge (xylene/benzene mixtures) 8 and work on cyclic, branched, and linear hydrocarbons in silicalite membranes by Funke and co-workers. 9 Recently, Masuda and co-workers 10 reported results on n-heptane/n-octane and ortho-and meta-xylene mixtures at elevated temperatures. They concluded that while the diffusivity of the slow component with increasing amounts of the fast components remains constant, the diffusivity of the fast component decreases monotonically with the increasing fraction of slow components. This is in line with results obtained for the mixtures of smaller components.
A relatively new technique capable of studying adsorption and diffusion of multicomponent mixtures is positron emission profiling (PEP), which makes use molecules labeled with a positron-emitting isotope. This technique is based on coincident detection of the γ-photons resulting from the annihilation of a positron emitted by the radioactive isotope with an electron from the chemical environment. Because the annihilation produces a pair of γ-photons traveling in (almost) opposite directions, the exact location of the decay event can be determined by coincident detection of these photons. Due to the high penetrating power of the γ-rays, a great advantage of this technique is that in situ measurements can be performed on ordinary laboratory-scale reactors at normal reaction conditions. Furthermore, because labeled molecules are used, one has the possibility of only labeling one component in a mixture thus making it possible to study only this component. The positron emission profiling technique has been described in detail in Anderson et al. 11, 12 and was already used successfully for studying single-component diffusion in biporous-packed beds of zeolites. 13 Recently, this technique has been extended to incorporate tracer-exchange experiments. 14 With these experiments, a continuous stream of labeled molecules is injected into a steady-state feed stream. The rate at which the exchange between labeled and nonlabeled molecules takes place is determined by the diffusion of the adsorbates inside the zeolite channels. Through the study of the exchange process, information can be obtained about diffusion and adsorption inside the zeolite crystals. The advantage of using tracer-exchange experiments over using transient experiments is that one is assured that the entire experiment is performed under steady-state conditions so that the true self-diffusion constant is measured.
In this paper, the tracer-exchange positron emission profiling (TEX-PEP) technique is being used to study the adsorption and diffusion of n-hexane/2-methylpentane mixtures in zeolite silicalite. These systems were chosen because of their practical applications, the availability of other (theoretical) studies, and the peculiar adsorption behavior observed for the single components. 15 With total pressure kept constant, the adsorptive and diffusive behaviors of n-hexane and 2-methylpentane have been studied as a function of the n-hexane/2-methylpentane ratio in the gas phase. The rest of this paper will deal with the experimental details, the model used for evaluating the experiments, and the results obtained.
II. Experimental Setup
For the experiments conducted in this study, the same setup was used as that described earlier in the work of Schumacher et al. 14 The positron-emitting 11 C isotope is produced by irradiation of a nitrogen target with 12 MeV protons from the 30 MeV AVF cyclotron at the Eindhoven University of Technology. The resulting 11 C is then transferred as CO/CO 2 to the setup for the production of labeled hydrocarbons. Details of the homologation process used for the production of labeled n-hexane and 2-methylpentane can be found in Cunningham et al. 16 After separation of the different products produced in this process, the desired labeled species is collected in a syringe. Figure 1 shows a schematic diagram of the reactor system used in the TEX-PEP experiments. During the tracer-exchange experiments, a constant flow of nonlabeled hydrocarbons in a hydrogen carrier stream was fed into the reactor. The n-hexane/ 2-methylpentane/hydrogen mixture was produced using a controlled evaporator and mixer (CEM) mixing unit consisting of two branches each of which was equipped with a mass flow controller (MFC). By the use of these controllers for the n-hexane and 2-methylpentane branch, the composition of the mixture can be set. The total flow rate of hydrocarbons and carrier gas was set to a value of 80.2 mL/min.
For a tracer-exchange experiment, a quantity of labeled molecules of either n-hexane or 2-methylpentane was produced and continuously injected into the feed stream using a syringe pump. The tracer-exchange and tracer-reexchange process could then be monitored using the PEP detector by either turning the tracer flow on or turning the tracer flow off. The PEP detector measures the concentration by reconstructing the position of the positron-emitting isotopes via coincident detection of the two γ-photons emitted in opposite directions during an annihilation event. With the current setup, the concentration of the labeled alkanes is then measured at 17 different positions along the reactor axis with a spatial resolution of 3.05 mm and a minimum sampling time of 0.5 s. A detailed description of the detection system can be found in Mangnus et al. 17 and Anderson et al. 11 Because of switching effects, 14 the reexchange process yields more reliable results, and only this stage of the experiments was used for determining the kinetic parameters.
For the experiments, a sample of silicalite-1 was obtained from the Shell Research and Technology Centre in Amsterdam. The zeolite crystals in this sample have a very regular shape with dimensions of 150 µm × 50 µm × 30 µm. Because of the large size, it was not necessary to press these crystals into larger pellets. The large crystal size furthermore ensures that processes taking place inside the zeolite are really dominating the transport properties inside the bed. The bed porosity was determined from the pressure drop over the bed using the Ergun relation, yielding a value of ) 0.44. The length of the zeolite bed was 3 cm. Prior to being used in experiments, the zeolite sample was activated for at least 1 h at 673 K in a hydrogen stream. The n-hexane and 2-methylpentane gases used for the constant nonlabeled flow had a purity of at least 99.9%.
III. Modeling the Tracer-Exchange Process
For interpretation of the data from the TEX-PEP experiments, a mathematical model is needed for describing the reexchange process in the zeolite reactor bed. A common way to describe diffusion in packed beds is use of a system of diffusion equations describing the mass transport in the zeolite bed and inside the crystals. 1, 18, 19 The model used in this study basically is a modification of the equations used by Noordhoek et al. 20 It is assumed that the transport of molecules occurs via convection and axial diffusion in the space between the crystals, adsorption-desorption at the crystal surface, and diffusion inside the pores of the crystals. Furthermore, it is assumed that the crystals have a spherical shape. This approximation is commonly made in the literature and has been shown to be quite reasonable. 1 This is probably due to the random orientation of the crystals inside the reactor, which makes it difficult to really explicitly account for the particle shape. As only one component is detected during the experiments, single-component equations can be used to model its behavior. The parameters describing the different processes in the bed will then be effective values for the transport of this component in the mixture.
A. The Model Equations. Transport in the fluid phase inside the packed bed takes place through convection, axial diffusion, and flow to or from the zeolite crystals. A mass balance for a small volume element of the bed results in the following equation for the concentration, C z , in the gas phase:
In this equation, z is the coordinate along the reactor axis, D ax is the axial diffusion coefficient, and V int is the interstitial velocity, which can be calculated from the gas flow speed V sup using V int ) V sup / . The axial diffusivity can be calculated from the molecular diffusion coefficient of the component. For R c , the radius of the crystals, the equivalent spherical particle radius, R h c , is taken, defined as the radius of the sphere having the same external surface area to volume ratio. 1 For the crystal size used in this study, this yields a value of 25 µm.
The boundary conditions used for the bed equation are identical to the ones used in Noordhoek et al. 20 For the column entrance, a mass balance (and by neglecting the diffusional term just in front of the column) yields in which C z,0 -and C z,0 + are the fluid phase concentrations just in front of and just after the column entrance, respectively. For TEX-PEP experiments, concentration just in front of the packed bed is given by the Heaviside step function At the column exit, the diffusional term is neglected, turning eq 1 into a first-order equation which can be used as a boundary condition.
The term N c equals the mass flux through the boundary of the zeolite and is determined by the rate-limiting step for adsorption-desorption at the crystal boundary. It is assumed that external mass transfer resistance due to the diffusion through the laminar fluid film surrounding the particles can be neglected as this process is much faster than diffusion inside the zeolite crystals. This has been confirmed by comparing simulations with and without this process included in the model, which shows that neglecting the external film mass transfer resistance does not influence the results.
The model of Nijhuis et al. 19 explicitly accounts for adsorption-desorption at the crystal boundary, assuming Langmuir adsorption kinetics. As the TEX-PEP experiments are conducted under steady-state conditions, this mechanism can be replaced by a simple first-order adsorption-desorption process in which k a and k d are the adsorption and desorption constants in meters per second. This equation furthermore has the advantage that k a and k d have the same dimensions and that there is no need to determine the number of adsorption sites.
Transport inside the zeolite crystals occurs through diffusion inside the zeolite pores. Although it is known that diffusion in zeolites is generally anisotropic, 21 the random orientation of the crystals inside the reactor justifies the approximation that micropore diffusion can be described as an isotropic process. A mass balance for the zeolite crystals yields for the adsorbed phase concentration, C x , in the crystals in which D c is the intracrystalline diffusivity and x is the radial coordinate of the crystal. In principle, the value of the diffusion constant depends on the concentration of both components. However, during the experiments, the total concentration does not change and D c can thus be regarded as constant during a single measurement. The boundary condition at the center of the particle is obtained from symmetry reasons:
At the crystal boundary, the flow to the surface must be equal to the desorption rate at the crystal boundary at x ) R c :
The initial conditions can be found by realizing that at the start of a tracer-reexchange process, the system is in equilibrium. Assuming that the injected tracer concentration initially is equal to C 0 , the initial conditions are given by in which K a is the adsorption equilibrium constant given by
B. Solving the Model. The equations described above have been solved using the numerical method of lines. 22 This procedure has been described in detail in Noordhoek et al. 20 In short, this is done by discretizing the spatial coordinates (and spatial derivatives), converting the system of partial differential equations into a set of ordinary differential equations (ODEs). These ODEs can then be solved using an ordinary numerical integration routine. Solving the model yields values for the concentration at each bed and crystal grid point. Because the PEP detector measures the total concentration of labeled molecules in a certain section of the catalyst bed, volume averaging has to be applied to simulate the response of the PEP detector. The average microparticle concentration at position z inside the reactor bed equals Because the crystal concentration, C x , is only known at the grid points, this integral has to be evaluated numerically. The total concentration at position z can than be calculated by averaging over the bed and crystal concentration as follows:
Estimation of the different parameters, i.e., the adsorptiondesorption and diffusion in the zeolite crystals, is done by fitting the modeled concentration profiles to the measured ones using a least-squares Levenberg-Marquardt algorithm. 23 All the other parameters were determined experimentally.
C. Adsorption-Desorption at the Crystal Boundary. If adsorption and desorption at the outer surface of the zeolite crystallites is fast compared to the diffusion inside the pores of the zeolite, adsorption equilibrium can be assumed at the crystal
boundary. This seems a reasonable approach as the diffusion inside the micropores is usually quite slow. An advantage of this approach is that the parameters describing adsorptiondesorption at the boundary can be replaced by a single equilibrium adsorption constant, K a . This takes care of the problem that two parameters need to be fitted which are not completely independent, as was already reported by Nijhuis et al. 19 To check whether adsorption equilibrium can be safely assumed, results for the model described previously can be compared with those from a model assuming adsorption equilibrium.
On the assumption that adsorption-desorption is fast compared to diffusion in the zeolite micropores, the mass flux through the boundary of the zeolite is determined by diffusion to the boundary of the crystal. Equation 4 then has to be replaced by
The boundary equation at the crystal surface, eq 7, can be replaced by a simple equilibrium condition An estimate of the rate of adsorption can be obtained from kinetic gas theory. 24 The number of collisions between molecules and the surface can be calculated using the following relation:
which gives the collision rate per unit surface (in moles per square meter) with C gas being the concentration of the gas phase, R g being the gas constant, T being the temperature, and M being the molar mass of the molecules. The rate constant for adsorption can be calculated from this by dividing this expression by the gas phase concentration. It should, however, be realized that the value calculated from eq 13 gives an upper bound for the true adsorption rate, as not all collisions with the zeolite crystal surface will result in the adsorption of a molecule inside the micropores (i.e., there exists a "surface barrier" for adsorption and the sticking coefficient is smaller than 1). Estimation of the sticking coefficient is not straightforward, and it might have values ranging from approximately 1 to 10 -3 .
To determine in which regime the models give similar results, a number of simulations have been performed. For the bed porosity, crystal radius, flow rate, and temperature, identical parameters were chosen as those used in the experiments. For the diffusion constant, D c , a value of 5 × 10 -11 m 2 s -1 was chosen, which is the upper limit of this parameter found experimentally. The adsorption equilibrium constants found for these systems are typically in the range of 300-1000, so a value of 500 was chosen. This value was, furthermore, used to fix the ratio between the adsorption and desorption constant, as both models should yield equivalent loadings at equilibrium. The upper limit for the rate of adsorption was calculated using eq 13 and was found to be on the order of 80 m s -1 . For K a ) 500, this corresponds to a desorption rate equal to Figure 2 shows the simulated concentration profiles at different detector positions along the axis of the reactor (7, 13.1, and 19.2 mm) using the equilibrium model and using the firstorder adsorption-desorption model for different values of k a .
For a value of k a ) 0.8 m s -1 , the equilibrium model is in perfect agreement with the full model. Only for values smaller than 8 × 10 -3 m s -1 , meaning that only 1 in 10 4 collisions will lead to adsorption, small deviations between the two models can be observed. For lower values of k a , the reexchange process is increasingly determined by the rate of desorption at the crystal boundary. Although exact values for the adsorption and desorption rate cannot be obtained, it seems unlikely that the sticking coefficient for the adsorption process on the zeolite crystal surface is smaller than 10 -4 , and the use of the equilibrium model (thereby neglecting the existence of transport resistances due to a "surface barrier") is justified under the conditions used in this study.
From these results, a criterion can be derived for the importance of adsorption-desorption at the crystal boundary by making use of a modified Biot number for mass transport, Bi m . Usually, Bi m is defined as the ratio of the time constants for external film to internal mass transfer resistance (e.g., see Emig and Dittmeyer 25 ), but in this case, it can be defined as the ratio between desorption and micropore diffusion Apparently, the intracrystalline diffusion is slow compared to desorption if the Biot number is greater than 10.
D. Influence of the Diffusion and Adsorption Constants. To be able to extract reliable data from the experiments, the different parameters of interest must have a significant influence on the shape of the exchange curves. Figure 3 shows that under the conditions used in this study, this is indeed the case. For the values of the different model parameters, typical values were chosen as found during the experiments. In a previous study, it was already shown that the influence of axial diffusion can be neglected in this system. 14 Figure 3a shows the effect of varying the adsorption constant while having a fixed value for the micropore diffusion constant. Clearly, variation of this parameter has a large influence on the observed reexchange curves at different positions along the reactor. The same holds for the diffusion coefficient when keeping the adsorption constant fixed, as shown in Figure 3b . Furthermore, it can be concluded that both parameters have a different influence on the measured exchange curves. The adsorption constant mainly determines 
the time scale at which the change in concentration travels through the bed without influencing the actual shape of the curves. The diffusion constant, however, mainly influences the shape of the curves and causes an increasing amount of tailing with decreasing diffusivity. Clearly, analysis of the shape of the tracer-reexchange curves will yield information on both the diffusion constant and the adsorption constant of the molecules under study.
IV. Results and Discussion
The model described above has been used for studying the adsorptive and diffusive behavior of a mixture of n-hexane and 2-methylpentane as a function of the mixture composition. The total hydrocarbon pressure was fixed at 6.6 kPa, and the experiments were conducted at a temperature of 433 K. At different mixture ratios, the tracer reexchange of both n-hexane and 2-methylpentane was recorded. Figure 4 shows examples of the tracer-reexchange curves at different positions along the reactor for n-hexane and 2-methylpentane in a 1:1 mixture. As can be seen, the model accurately describes the measured concentration profiles. The somewhat larger amount of scattering in the experimental 2-methylpentane curves results from a slightly lower yield of this component during the production of labeled hydrocarbons. The plots, furthermore, show that the transport properties of n-hexane and 2-methylpentane in this mixture are different. The reexchange of the branched molecule is slower than that of the linear component, indicating that micropore diffusion is faster in the latter case. The larger separation in time of the exchange curves for the linear alkane indicates that this component has a larger adsorption constant.
A. Adsorption of Single Components: Comparison with
Literature Data. Although the amount of data on the adsorption and diffusion of mixtures is really limited, there is a fair amount of data on single-component adsorption of n-hexane and also some data on that of 2-methylpentane. The adsorptive and diffusive properties of both components have been measured using the TEX-PEP technique. From the fitted adsorption equilibrium constants, the loading (in moles per gram of zeolite) can be calculated using the following relation:
in which p hc is the hydrocarbon partial pressure, F z is the density of the zeolite, R g is the gas constant, and T is the temperature. The calculated loadings for n-hexane and 2-methylpentane are shown in Table 1 . For n-hexane, this is in good agreement with the value obtained by Yang and Rees 26 (3.9 molecules per unit cell) and Van Well et al. 27 (3.7 molecules per unit cell). The slightly lower value obtained in this study might be attributed to the higher temperature used (433 instead of 423 K). For 2-methylpentane, extrapolating the data obtained by Cavalcante 
and Ruthven 28 to the conditions used in this study yields a value of 2.6 molecules per unit cell, somewhat lower than the value found here. The slightly reduced loading of the branched compared to the linear alkane under equal conditions is in accordance with other studies (e.g., see Vlugt et al. 29 ). This is an entropic effect as the adsorption enthalpies of both components are approximately equal but the conformations of the bulkier branched alkanes are much more restricted in the narrow pores of the zeolite. Adsorption of 2-methylpentane from the gas phase thus leads to a higher reduction in entropy compared to adsorption of n-hexane, making it entropically less favorable to adsorb the branched isomer. 29 A comparison between single-component diffusivities obtained with this technique and values from literature has been discussed previously, 14 showing that a reasonable agreement was obtained with previously reported values using other techniques. Figure 5 shows the fitted adsorption constants (K a ) for both n-hexane and 2-methylpentane as a function of the mixture composition. The error margins in the calculated adsorption constants are around 10%. As can be seen from this plot, the equilibrium adsorption constant for both components increases with increasing 2-methylpentane fraction in the gas phase. This might be due to the slightly lower loading of the branched alkane in single-component systems, as can also be seen from the slightly lower adsorption constant for pure 2-methylpentane compared to that for n-hexane. The larger increase of the adsorption constant for n-hexane furthermore shows that competitive adsorption of both components is present. This can be seen more easily by plotting the loadings calculated from these adsorption constants.
B. Binary Adsorption: Results and Comparison with CBMC Simulations.
The solid symbols in Figure 6 show the loadings of both n-hexane and 2-methylpentane, as well as the total loading, as a function of the gas phase mixture composition. Obviously, the n-hexane loading monotonically decreases and the 2-methylpentane loading monotonically increases with an increasing partial pressure of the branched alkane. The total hydrocarbon loading varies only little (apart from experimental errors) and shows a slight decrease at high 2-methylpentane ratio, as was explained in the previous paragraph. The small deviations from a linear dependence on the mixture composition ratio indicate a small preferential adsorption for n-hexane compared to its monobranched isomer. Although the preference for the adsorption of n-hexane is small, it does not entirely fall in the inaccuracy of the values determined and was confirmed by repeated experiments.
In the literature, different types of adsorptive behavior of binary mixtures have been reported. Cottier et al., 30 for example, found that for the adsorption of a mixture of para-and orthoxylene in various Y-type zeolites, both components essentially behaved similarly to the single-component case and adsorbed independently. A completely different behavior was observed for ethane and ethylene in zeolite 13X by Buffham et al., 31 where the ethylene was preferentially observed at low ethane partial pressures and a nonlinear dependence thus was observed. A similar behavior was observed by Heuchel et al. 3 for CF 4 and CH 4 in silicalite. The system under study appears to have an identical behavior as the last two systems.
The adsorptive behavior found in this study is in line with a recent configurational-bias Monte Carlo study on the adsorptive behavior of linear and branched alkanes and their mixtures by Vlugt et al. 29 Although their results cannot be directly related because the simulations were performed with a fixed mixture ratio at a lower temperature (300 K), further insight can be gained from this study. From their simulations, they concluded that at a total loading of approximately 4 molecules per unit cell, the loading of the branched alkanes reaches a maximum value. At lower loadings, both components adsorb independently, while at higher loadings the branched alkanes will be squeezed out by the linear alkanes. The peculiar behavior shown by this mixture could be explained when looking at the siting of both components. Vlugt et al. found that while the n-hexane could be adsorbed anywhere in the silicalite pores, 2-methylpentane was located at the intersections between the straight and zigzag channels. As a result of that, n-hexane has a higher packing efficiency and it is thus easier (or entropically more favorable) to obtain higher loadings with the linear instead of the branched alkanes. For the CH 4 /CF 4 system, different sitings for both components were also observed. 32 Apparently, under the conditions used in the present study, the system is in the regime at which the 2-methylpentane is starting to be pushed out. As a result of the higher packing efficiency of n-hexane, as explained above, there is a preference for adsorbing this component. The linear alkane is being replaced only at higher 2-methylpentane fractions, and a nonlinear dependence on the mixture ratio is observed.
To be able to better compare the results obtained from configurational-bias Monte Carlo (CBMC) simulations with the present study, a number of simulations have been performed under equal conditions as used in this work. The calculated loadings from these simulations are shown as open symbols in Figure 6 . Details about the CBMC simulation technique and the zeolite and alkane models used can be found in Smit and Siepmann 33 and Vlugt et al. 29 The calculated loadings of the single components are slightly higher than the values obtained from TEX-PEP measurements. This is probably due to the use of a perfect crystal structure in the simulations and the pressence of defects in the silicalite crystals used in this study. The slight decrease of the total loading is predicted correctly by the simulations. The slight preference for the adsorption of n-hexane, however, is not observed, but instead, a (very) small preference for the branched alkane is seen. This can probably be attributed to imperfections in the model parameters used for the CBMC simulations.
C. Multicomponent Diffusion. Figure 7 shows the diffusion coefficients as obtained from the TEX-PEP experiments for n-hexane and 2-methylpentane as a function of the gas phase composition. Obviously, the diffusivity of pure n-hexane is much higher than that of the larger 2-methylpentane molecules (approximately a factor of 9). For both components, a decrease in mobility is observed with an increasing fraction of the branched alkane in the gas phase. The 2-methylpentane behaves essentially in a way one would expect for a single-component system (e.g., see Schumacher and Karge 34 and Schuring et al. 35 ), whereby the diffusivity monotonically decreases with increasing loading of this component. The diffusivity of the faster n-hexane depends more strongly on the composition of the gas mixture. Because the loading of n-hexane decreases with increasing 2-methylpentane fraction but the total loading remains approximately constant, this decrease in mobility must result from interactions with its branched isomer in the system. Most remarkable is the sudden drop in diffusivity above a 2-methylpentane fraction of 0.75.
The diffusivity of molecules inside the zeolite lattice depends strongly on the loading of the zeolite crystal. 35 The plot shown in Figure 7 should therefore be treated with some caution, as the dependency of the diffusion constant on the gas phase composition is also influenced by the adsorptive behavior of the alkanes. In this case, however, the influence of adsorption is limited because the total loading remains constant and there is only a small preferential adsorption for n-hexane. The results can therefore be directly related to MD studies from other authors, where one commonly uses a fixed total loading and diffusivities as a function of the adsorbed phase fraction.
For 2-methylpentane fractions lower than 0.75, the behavior found in this study is essentially identical to that obtained in other studies. 4, 10, 36 In all these systems, it was found that the diffusivity of the slow component is essentially unaffected by the presence of the fast component. The diffusive behavior can be understood on the basis of a simple jump diffusion model, in which diffusion is thought of as a sequence of activated jumps from one site to another, as was already demonstrated by Masuda et al. 10 Such a jump can only be successful if the site to which the molecule jumps is empty. Although the jump frequency itself does not depend on the composition of the mixture, the number of successful jumps will. When the amount of slowly moving molecules (2-methylpentane) increases, they will essentially block the channel segments and the number of successful jumps of the fast component (n-hexane) will be determined by the rate at which an empty site is created by a jump of the slow component. At high 2-methylpentane loadings, the diffusivity of n-hexane will thus be strongly determined by the diffusion rate of its branched isomer. The dependency of the 2-methylpentane diffusivity itself on mixture composition observed in this study is mainly caused by the relatively high total loading at the conditions used. In this case, the interactions between the branched alkanes themselves play an important role and will seriously decrease the mobility of the slow-moving component at higher fractions in the gas phase. This was also observed in the work by Jost et al., 4 where the slow component (in this case xenon) showed an increasing dependency on the mixture composition with increasing total loading of the zeolite.
The sudden drop in the diffusivity of n-hexane at a ratio above 0.75 is due to the particular adsorptive properties of both components in silicalite. As was shown by Vlugt et al., 29 2-methylpentane preferentially adsorbs in the intersections between straight and zigzag channels. When all the intersections are occupied by the slowly diffusing branched alkanes, the entire pore system will essentially be blocked and diffusion of the fast component will be totally determined by the hopping rate of the slow component moving from one intersection to another. This is strongly supported by the fact that the sudden drop in diffusivity takes place at a 2-methylpentane loading of about 3 molecules per unit cell, as each unit cell of silicalite contains three channel intersections. A similar effect was observed in a system of methane and benzene in zeolite NaY 37 and silicalite. 38 In NaY, the benzene molecules effectively block the windows of the supercages for the faster methane. Förste et al. 38 showed that the decrease of methane diffusivity was also caused by blocking of the channel intersections by benzene in zeolite silicalite.
The results obtained here emphasize the importance of the structure of the zeolite channels when looking at multicomponent diffusion. The sudden drop in diffusivity of the fast component in this system is a direct result of the adsorptive behavior of both components and the channel topology of the zeolite. This explains why a similar behavior was not observed in previous studies. For example, for the methane/xenon 4 and methane/tetrafluoromethane 32 mixtures in silicalite, both components are preferentially sited in the interiors of the (straight and zigzag) channels, causing the blocking by the slow components to be less dramatic. For the n-butane/methane system, 36 the fast component (methane) shows a slight preference for adsorption in the intersections, while the slow component resides in the channels. Although the results cannot be directly compared, an accelerated drop was indeed observed but only at much higher loadings.
The dependency of multicomponent diffusion on adsorption properties and zeolite topology has some important consequences for the description of mass transfer in binary systems. Usually, the transport of these mixtures in a packed zeolite bed during transient experiments will be described by diffusion equations, using diffusion constants which are independent of the loading. The current results show that this is definitely not the case, as the diffusivity can be a strong function of the mixture composition. A more advanced approach for describing mass transfer is provided by the Maxwell-Stefan theory, which has been applied successfully to diffusion and adsorption in zeolites. 39, 40 In a recent study, Krishna showed that this theory could indeed describe the behavior as observed in MD simulations of methane/xenon, methane/CF 4 , and methane/n-butane. 40 However, although the Maxwell-Stefan theory accounts for sorbate-sorbate interactions, it does not explicitly incorporate the pore structure and siting of the molecules and will thus fail to describe the phenomena shown in this work. Whether the multicomponent diffusivity can be predicted from singlecomponent diffusivities will thus depend on the particular system under study, and a general application of the Maxwell-Stefan theory should be treated with caution. Instead, more detailed model descriptions are needed to gain insight into the diffusive behavior. Among these descriptions are Monte Carlo lattice dynamics simulations 41, 42 and percolation theory. 43 Also for systems in which reactions take place, the behavior observed here might have some important implications. The n-hexane/2-methylpentane mixture could represent a reactant/ product system. In that case, the mobility can become a strong function of the radial coordinate of the crystal. In extreme cases, reactants or products could be piled up inside the crystals, essentially blocked by the slow components present in the system, thus, having a serious effect on the activity of the catalyst.
V. Conclusions
In this work, the tracer-exchange positron emission profiling (TEX-PEP) technique has been used for determining the adsorptive and diffusive properties of an n-hexane/2-methylpentane mixture at elevated temperatures (433 K). With this technique, the reexchange of radioactively labeled molecules can be studied as a function of time and position inside the reactor. Because only one of the components in the feed is labeled, the mass transport properties of each individual component can be determined. Determination of these properties is done by fitting a numerical model for mass transfer in a packed zeolite bed to the measured concentration profiles accounting for convection, adsorption at the crystal boundary, and diffusion between and inside the crystals. Under the conditions used in this study, the adsorption-desorption process at the crystal boundary does not have to be explicitly accounted for because the diffusive process is the rate-determining process at the crystal surface.
The system shows a slight preference for the adsorption of n-hexane over 2-methylpentane. This is due to the fact that it is entropically more favorable to adsorb the linear alkane because it can reside anywhere in the pore system, while the branched alkane is preferentially adsorbed in the intersection between straight and zigzag channels. This is in line with the conclusions obtained from the CBMC simulations of Vlugt et al. (1999) at lower temperatures and a constant mixture ratio. CBMC simulations performed at similar conditions as in this work show a reasonable agreement, although a slightly different behavior is predicted by these calculations.
As was also observed in earlier studies, the diffusion of the fast-moving n-hexane molecules is strongly influenced by the presence of the slowly diffusing 2-methylpentane. The measurements, however, show a large drop in diffusivity at a large 2-methylpentane fraction in the gas phase. Most likely, this is due to the blocking of the channel intersections by the slowly moving branched alkanes, as this sudden drop takes place at a 2-methylpentane loading of approximately 3 molecules per unit cell, equal to the number of intersections in this cell. This indicates that the adsorptive properties of the different components, together with the topology of the zeolite pores, play an important role in the behavior of multicomponent systems. Models based on mean field approximations of the diffusion, like Fick's law and Maxwell-Stefan diffusion, should therefore be treated with caution.
